Optical phased array (OPA) can achieve beam steering by controlling the phase distribution of each channel. In traditional OPA, 2π phase tuning range is required to achieve beam steering. However, large phase tuning range can lead to large size, high power consumption, high operating voltage and low speed. Moreover, the performance of OPA with small phase tuning range, such as metasurface OPA, degrades greatly in traditional method. Here, we propose a design method of OPA with insufficient phase tuning range (<2π ), >10 dB side-mode suppression ratio (SMSR) can be achieved with any phase tuning range.
Introduction
In recent years, OPA [1] - [4] has received special attention for its advantage of fast beam steering, low size, power and price (SWaP) and the potential of mass production. In photonic integrated circuit (PIC)-based OPAs, phase shifter changes the refractive index of the traveling wave by thermo-optic or electro-optical effects, which makes the size and power consumption of the phase shifter positively correlated to the required phase tuning range. However, phase shifters consume a lot of power and occupy considerable chip area, especially for the ones based on p-n or p-i-n junctions [1] . In liquid crystal (LC)-based OPA [5] , large phase tuning range lead to slow response time, thick layer and high actuation voltage. In microelectro-mechanical-system (MEMS)-based OPA [6] , large phase tuning range also means slow response time, large displacement and high actuation voltage. Therefore, if the required phase tuning range can be reduced, the SWaP of OPA will decrease, which significantly increases its practicability. Moreover, since the phase tuning range in some types of OPA, such as metasurface OPA [7] , is often limited to be significantly less than 2π , the generated far-field pattern is degraded by the insufficient phase tuning range. Achieving high-quality far-field pattern with small phase tuning range can enhance the practicality of these types of OPA and enrich the choice of devices.
In this paper, we propose a design method of OPA with insufficient phase tuning range ( ϕ max < 2π ). First, we quantitatively analyze the effect of phase error on OPA beam deflection, showing its tolerance to phase error. Based on this, we can achieve beam steering by phase approximation with insufficient phase tuning range ( ϕ max < 2π ). Since the phase-approximation ability of OPA with different phase tuning ranges varies greatly, the design method is modified to suit the case of large phase tuning range (π/2 ≤ ϕ max < 2π ) and small phase tuning range (0 ≤ ϕ max < π/2). For the former, only a dispersed initial phase distribution is needed to achieve high quality beam steering, but switch function is required in the latter situation to implement selective switching of each channel. In particular, for the case where the phase tuning range is zero, we propose a binary OPA design that can achieve beam steering only by the selective switching of each channel. With the proposed design method, high quality beam steering (>10 dB SMSR) can be achieved by OPA with any phase tuning range.
Effect of Phase Error in OPA
In an ideal OPA system, 2π phase shift is required to generate the best quality patterns. However, insufficient phase tuning range (< 2π ) can also achieve beam steering thanks to the tolerance to phase error of OPA. In [2] , the ability of OPA to generate the target pattern at a phase error of no more than π/4 is demonstrated. In this section, we analyze the effect of phase error on beam steering in OPA and propose a quantitative result about the tolerance to phase error.
Theorical Analysis
The phase error can be defined as the difference between the actual phase and the ideal phase, which is expressed as
where the value of ϕ error is limited to [−π, π] for convenience. Since our main concern is the absolute value of ϕ error , we mention |ϕ error | more frequently in following parts. Obviously, when the actual phase has an error with the ideal phase, the energy efficiency decreases due to non-ideal interference. Fortunately, if the non-ideal phase distribution of OPA is dispersed, sidelobes can be flatten into low-intensity noise floor while the energy in mainlobe is highly concentrated, as is shown in Section 3. Since the width of the sidelobe region can be several thousand times larger than the width of the mainlobe, under the assumption that the sidelobes are evenly distributed, the SMSR can be improved as long as the mainlobe energy is slightly increased by an antenna. Therefore, we define that when an antenna contributes to the mainlobe energy, it is a "beneficial antenna" and otherwise it is called a "harmful antenna".
A theoretical analysis of the impact of phase error on the mainlobe energy can be achieved by perspective of vector operation. The far-field pattern generated by an OPA with N antennas can be expressed by
where E(n) denotes the emission field of the n th antenna, A(n) and ϕ actual (n) represent the amplitude and phase of the corresponding antenna respectively. In practice, the amplitude distribution of each antenna is usually deterministic to avoid complex structures. For convenience, A(n) is set to be 1. Therefore, Eq. (2) can be regarded as a summation of vectors on unit circle, i.e., 
where ϕ desired (n) is the desired phase of the n th antenna. In ideal situation, ϕ actual (n) should be exactly equal to ϕ desired (n) to compensate the phase deviation. However, insufficient phase tuning range leads to antennas with phase error. As is shown in Fig. 1 , when the actual phase of an antenna is the desired phase, ϕ error = 0, and its contribution to the mainlobe is maximized; When the phase error is π/2, its projection on E farfield (θ ) is exactly 0, which means the contribution of the antenna to the mainlobe is zeros and all the energy radiated from this antenna enters sidelobes; When the phase error is further increased, the projection of the antenna on E farfield (θ ) is negative, and its contribution to the sidelobe energy is greater than its radiant energy, resulting in further degradation of the SMSR. Therefore, if the phase error of an antenna is less than π/2, it has a positive effect on the SMSR.
Simulation Results
For an ideal (uniform array with λ/2 antenna spacing) OPA, we can add an extra antenna with different phase error ( Fig. 2(a) ), and analyze its effect on the mainlobe energy and energy efficiency, thereby showing the impact of phase error on the OPA. For uniform OPAs, when the antenna spacing exceeds half wavelength, the far-field pattern is duplicates of the pattern in the visible region [8] , which is shown in Fig. 2(b) , (c). Since the main concern of this manuscript is the influence of phase error on OPA, all OPAs discussed here is with uniform λ/2 antenna spacing to make the visible region coincides with the whole far-field (−90, 90). And the definition of energy efficiency is "the ratio of mainlobe energy to all energy in the visible region" rather than in the whole far field.
With different phase error, the extra antenna has different influence on the far-field pattern, which is shown in Fig. 3 (a-c). The change of mainlobe energy and energy efficiency before and after adding the extra antenna with different phase error is shown Fig. 3 (d-f).
As is shown, when |ϕ error | < π/2, the antenna contributes to the mainlobe energy. It should be noticed that in Fig. 3(b) , the mainlobe energy increases with |ϕ error | = π/2. This is mainly because of the angle tilt generated by undesired phase tilt, but the energy in desired 0°mainlobe remains unchanged. This phenomenon will be relieved in a larger-scale OPA and the mainlobe energy change tends to be 0 when |ϕ error | = π/2, as shown in Fig. 3(e ). Since the angle tilt can be eliminated with a dispersed phase error distribution, the following proposed method with dispersed phase error distribution can ignore the angle tilt. When |ϕ error | > π/2, the mainlobe energy decreases.
For energy efficiency, as long as there is phase error, the energy efficiency will decrease due to the non-ideal interference, and the loss of energy efficiency grows with the growth of the phase error.
Since when ϕ max > π, |ϕ error | < π/2 can be achieved at any initial phase, high-performance OPA can be achieved with phase tuning range reduced at least a half. Moreover, as long as ϕ max is not ultrasmall, the synthetic projection on E farfield (θ ) is still strong thanks to the beneficial antennas, high quality beam steering can still be achieved with a smaller phase tuning range. Fig. 4 . Shows the comparison between the far-field pattern generated by dispersed (a) and uniform (b) initial phase distribution
Design Method of OPA with Insufficient Phase Tuning Range
Thanks to the tolerance to phase error of OPA, if we can approximate the actual phase of OPA to its ideal phase, beam steering can be achieved with insufficient phase tuning range. However, since the phase-approximation ability of OPA with different phase tuning range varies greatly, the mainlobe will be very weak at an ultrasmall phase tuning range due to the large phase error. Therefore, we divide it into two situations where the phase tuning range is larger (π/2 ≤ ϕ max < 2π ) and smaller (0 ≤ ϕ max < π/2) to ensure the beam steering ability.
Design Method of OPA With π/2 ≤ ϕ max < 2π
Intuitively, we can make the phase difference between the ideal phase and the actual phase as small as possible, which can be described by
where ϕ desired (n), ϕ initial (n) and ϕ actual (n) are respectively desired phase, initial phase and actual phase of the n t h antenna; ϕ max is the phase tuning range. For simplicity, we assume that the phase shift is bidirectional in the algorithm. By shifting phase with ϕ max /2 of the entire array, the bidirectional phase shift is equivalent to the unidirectional phase shift in practical applications. In conventional OPA, the initial phase of each channel is approximately equal, but it is not suitable for OPA with insufficient phase tuning range since the actual phase will concentrate at ϕ initial (n) ± ϕ max 2 , which generates several strong sidelobes because of the identical phase difference. By introducing a dispersed phase distribution to flatten sidelobes in the background, the strong sidelobes can be efficiently eliminated. Moreover, the tolerance to phase errors of OPA is maintained only when the energy of the sidelobes are sufficiently dispersed in the background. Therefore, ϕ initial (n) in Eq. (4) can be set as a dispersed phase distribution. The comparison between the far-field pattern generated by dispersed and uniform initial phase distribution is shown in Fig. 4 . The dispersed initial phase distribution can be achieved by simply changing the waveguide length or inserting a phase mask covering the aperture. Fig. 5 shows beam scanning achieved by a 128-channel OPA with π ( Fig. 5(a-c) ) and 4/3π ( Fig. 5(d-f) ) phase tuning range, the deflection angle is from −25°to 25°with 10°intervals. The corresponding phase change and actual phase distribution in both cases when the deflection angle is 5°are shown in Fig. 5(b) , (c) and (e), (f) respectively. In both cases, >10 dB SMSR and >50% average energy efficiency is achieved, where the average energy efficiency is defined Fig. 5. (a) is the beam scanning pattern achieved by a 128-channel OPA with π phase tuning range, (b) is the corresponding initial phase distribution and phase change, and (c) is the desired phase and actual phase; (d) is the beam scanning pattern achieved by a 128-channel OPA with 4/3π phase tuning range, (e) is the corresponding initial phase distribution and phase shift, and (f) is the desired phase and actual phase as the average of the energy efficiency at each deflection angle. Considering that the scanning range in practical applications is usually significantly smaller than (−90°, 90°), the energy efficiency is much higher at a smaller scanning range. If the scanning range is (−30°, 30°), the average energy efficiency of the two OPAs can be further increased from 50% and 74% to 73% and 84%. Compared to [7] , where 23% average energy efficiency is achieved with 237°phase tuning range in ±30°scanning range, the average energy efficiency has been increased to over three times by our design method.
The effect of ϕ max on SMSR and energy efficiency with different antenna numbers is shown in Fig. 6(a) . When the number of OPA antennas increases, the energy efficiency remains but SMSR improves since the energy in sidelobes is further flattened into the background. Now that we can achieve higher quality far-field pattern with a larger-scale OPA, beam steering with a small phase tuning range can be achieved by increasing the number of channels. Fig. 6(b) , (c) shows highquality beam scanning achieved by a 512-channel OPA and a 1024-channel OPA with ϕ max = π/2. Only when ϕ max < π/2, since the projection on the opposite direction is too large, the far-field pattern will rapidly deteriorate to fully noise.
The generation of complex pattern is more complicated than single beam deflection, but Eq. (2), (3) are still suitable. When the initial phase distribution is sufficiently dispersed, the distortion caused by phase error are offset by statistically averages, thereby maintaining the envelope of the pattern. For a 512-channel OPA with ϕ max = π and ϕ max = 2π , the reconstruction of a Fig. 6 . (a) Effect of ϕ max on SMSR and energy efficiency, the solid line corresponds to 128-channel OPA while the dash line corresponds to 512-channel OPA; Far-field pattern generated by a 512-channel OPA (b) and a 1024-channel OPA (c) with π /2 phase tuning range; A target pattern (d) is reconstructed by a 512-channel OPA with ϕ max = π (e) and ϕ max = 2π (f) complex pattern is shown in Fig. 6(d-f) . The amplitude and phase distribution of the antennas is reconstructed by GS-algorithm to obtain a uniform amplitude distribution. As is shown, the envelope of the reconstructed pattern is approximated to the target pattern, where the distortion is mainly caused by the GS-algorithm. Thus, the ability of an OPA with insufficient phase tuning range to generate a complex pattern is demonstrated.
Design Method of OPA With ϕ max < π/2
As mentioned above, the main obstacle to achieve efficient beam steering with ultrasmall phase tuning range are the harmful antennas with large phase error. Then obviously, if the influence of those antennas can be eliminated, OPA with ultrasmall phase tuning range can be achieved. In this section, the design method shown in Eq. (4) is modified to accommodate the condition. Except for the dispersed initial phase distribution, selective switching is required in this section to achieve beam steering when ϕ max < π/2. Particularly, we can implement OPA with no phase shift by selective switching of the antennas, which can be called "binary OPA".
The algorithm in Eq. (4) can be modified as
where ϕ open dictates a switch range, when the phase difference between ϕ desired (n) and ϕ initial (n) is larger than ϕ open , the corresponding antenna should be closed. For resonant phase shifters, such as metasurfaces, compact microrings and microplates, if the bandwidth is not very large, the switch function can be implemented by simply shift the passband from the wavelength, but in other cases an additional switch array is required, such as Digital Micromirror Device (DMD). In former section, the only factor that affects the quality of the far-field pattern is the phase error, which is because the antennas are all open and the antenna spacing of the uniform array is λ/2. However, since some antennas must be closed when phase tuning range is ultrasmall, the array degrades to a sparse array, which generate sidelobes by undesired interference. Therefore, when ϕ open is too small, although the actual phase of the open antenna is very close to the ideal phase, the small fill ratio of the sparse array will reduce energy efficiency, which result in a trade-off between small phase error and large fill ratio. On the other hand, if ϕ open is too small, the output power of the OPA will be very small since most channels are closed. Therefore, we need to determine the appropriate ϕ open according to the ϕ max .
The effect of ϕ open on SMSR and energy efficiency in a 512-channel OPA are shown in Fig. 7(a) . As is shown, when ϕ open ≈ ϕ max + 0.8π , the energy efficiency is close to the maximum, where the effect of phase error and fill ratio are balanced, but the SMSR maximum appears at a smaller ϕ open . Therefore, the decision of ϕ open depends on the emphasis on different performance parameters.
Beam scanning achieved by 512-channel OPAs with different ϕ max and ϕ open are shown in Fig. 7(b) , (c). As shown, >10 dB SMSR can be achieved at an ultrasmall phase tuning range. In particular, when the phase tuning range is zero, we propose a new scheme for beam steering, which can be named "binary OPA". Since the initial phase distribution can be easily achieved by a transparent phase mask covering the aperture, we can construct a phased array only with switches and antennas on chip, which can simplify the structure and the control signal of phased array.
However, the energy efficiency decreases significantly at ultrasmall phase tuning range, especially when the phase shift range is zero (i.e., binary OPA). This problem can be solved by limiting the scanning range of OPA. For binary OPA shown in Fig. 7(b) , the relationship between the scanning range and the energy efficiency is shown in Fig. 7(d) . Obviously, when the scanning range is limited to 30°, energy efficiency of 50% can be achieved. Moreover, since the mainlobe is highly concentrated but sidelobes are flattened into noise floor, when the beam is continuously deflected, the noise fluctuation is small but the mainlobe energy varies greatly, which makes the signal can be easily extracted at a low mainlobe energy. Therefore, the OPA with ultrasmall tuning range is qualified for detection and ranging thanks to the high SMSR.
Conclusion
In this paper, we propose a design method of OPA with insufficient phase tuning range. Through this method, high-quality beam steering can by realized by any phase tuning range, which can significantly reduce the SWaP of OPA and increase its practicality. This method also enables phase shifters with small phase tuning range to be applied in OPA design and improve their performance. Particularly, the proposed binary phased array shows a new scheme to achieve beam steering.
